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those Bethe Heitler graphs which contaun a timelike ;ﬂ:ottm a-
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like-photon graphs alone;. these differences can be explq;zd*m the™'
selection af appropna:e kinematic cuts. The competing 'v'r‘i'ft:ual '

Compton process (for ¥ = p) has b-.»en esti.m.u.esl on the buit oia y

al.mple model its cross section is at !east two orders. a&mgnlmde

ama].ler than the Bethe- Heitler cross sectg\mu of inlel
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I. INTRODUCTION

[ = -i o Pa gn-w:'\, -b.,..L
% . In his papei? ckoss sections and distributions for the trident pro-

0 e e o S P (L.1)

are cslcnim.ui to lowest order of the conventional quantum electr odynam:cs

e & for;he cases of_e!astxc scattering off a proton and coherent scattering off
i ey lp%ﬂ mﬂ'.:le\u This process, as well as the essentially identical

. reaction
% il . SIS e Y e (1.2)
v: 3 23
91'
*ﬁ“' and'!he rel-.ted process
e

e \"

R e e S M SE (1.3)

_(wh_e.re. 4= ore)are of interest because they are sensitive to possible
_modiﬁcationﬁ in lepton electrodynamicg at high energies. In particular,
Wﬁ._ti.l_‘_&?j._ﬁsl.'cﬁted in facilitating the detection of possible deviation from
conventio@gvj‘..QED. especlally in connection with the mass spectrum of the
8 le?j_onpui‘lr _éﬂg@g{:ed in processes (1,1) or (1. 2). Such a deviation could

be f.:l_u_;. for example, to a modification of the photon propagator along the
2

lines _C-\_fh‘thel Lee-Wick '"heavy photon pole! model.

il -

£ . In the Lee- Wick theory, the possibility of replacing the conven-
% ~tional _phottm field amplitude A, by a complex amplitude ALt iB,

O where _l‘._B iq ‘anti-Hermitian, is studied. Such a modification (coupled

*’;’__ﬁ';-r*\..

It -3
_.‘-1'

with the introduction of a massive indefinite-metric fermion field) yields
finite results for calculations of observable quantities in hadron as well
as lepton electrodynamics, Total cross sections for the resonant proqaai‘- Y

:,*+z-.;,*+z'+xL _
leptaons or hadrons

where £ = or e, and B? is the massive indefinite-metric boson associated

3,4

with the amplitude Bu , have been given in previous papers (1).

The Bethe-Heitler diagrams for process (l. 1), in which only one
photon is exchanged with the nucleon or nucleus, are given in Fig. 1
(for incident p-}. There are four such graphs, corresponding to the in~
teraction with the nucleon or micleus Z occurring at any of the poalﬁons
{a)-(d). The competing virtal Caﬁpmn graph is indicated generally in
Fig. 2{a), The virtual Compton cross section for scattering off protons
is calculated in this paper using a simple model of the hadronic inter=
action, It is found to be two to four orders of magnitude less than the

corresponding Bethe-Heitler cross sections of h_:_terut;

The main effect of the Lee-Wick (or similar) modification upon
processes (1. 1) and (1. 2) is to enhance the singly-differential cross

section 3—3— in the vicinity of the BQ resonance, where v is the {maulz

of the timelike virtual photon. The enhancement of that part of the cross
section which involves only diagrams (a) and (b) of Fig. 1 (i.e., the

graphs which contain a timelike photon propagator), is given approxi-

mately by the (acwrl' é 31134!(83132 - v]z. provided v is not = m

[_l_-o ﬂ- BT
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atiering off iron,

0

2
(ZMZF)~ .

(2. 16)
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iIl. DIFFERENTIAL CROSS SECTION

The differential cross'section for process (L, 11, aséuming the
beam to be unpolarized, and summing over sping of {inal-state parti-
cles, ig given by
d3p'33k d’k, d’k
e 1 2 e

R
4 | %k
m Mkl b Po S10%20%30

>
x&lq)fk—k—k-i@_.q'"’_’ ol 3.1
b ] 3 l

where Z{' denotes the average over-ipitial and summation over final
lepton Epins. To simplify the six-fold numerical integrations (€
cussed in Section IV), it will prove convenient to exprass d ¢ in

the following set of variables. We define

by - qa

“I. = Ksg

v.l2 = 2k - klloq

u3; (k-kl\'tka.klj = (3.2}

+ . 4 ]
¢, = azimuthal angle from an arbilrary axis «o p’ about polar axis k
P

= azimuthal angle from ¢ tok about polar

1A - Al e

axisk in the frame k = _c; (called frame "A'), and bap azimuthal angle

in the lab frame i; = 0), ¢

from i to ?(3 about polar axis a in the frame kK. k. = E;‘ {¢alled frame "B")
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it thc dipole faxm factor [Eq. (2. 71 and F is the Fermi form factor

e Ty PR
sﬁ:q (2 12)] In the case of coherent scattering, I is tabulated as a function
cq\ursmn between t and 1’ is accamplishad by interpolating in

ﬂiia'['aufii;mnﬂy dense) tabl'e.(See paper 1 and Ref. 7.)

The rationale of the transformation (4, 1) is as follows. The Jacobian

. for the mapping t =%, reduces the peaking at small t due to the hadronic

Sl W -

interaction factor Vg- Next,
) -1
i dxs 3 (2"‘1 - vl[DDb’ duz (4. 2)

results in the complete elimination of the D L and Db'l factors in the cross

terms between diagram (b) and either of diagrams |c) and (d}. in Fig, 1.

"vi!:" ‘l’ha effect ni this transformation upon the entire factor L H m more

Lo g

" complicated, but a reasonable smoothing of the integrand results, The

u3 - x4 transformation, whose Jacobian is given by

dx, = ——— du (4. 3)

~ similarly smooths (in part) the u, variation due to Dc and D .. The denomi-

d

nators v and IEJa require no special treabment, since IDa] > v and we are

interested in the case of large v.

_ B. Numerical Method

e

We obtain the singly-differential cross section do/dv, and its distri-
butions in lab energy. angle and related variables, by a modified Monte

Ca_r!h'm ethod. The six-dimensional integration region ( in the

27
= ; g i
f ' h termost integration be |
variables Xylg daﬁ and 'blA with the ou 2 ing ‘
x, and the innermost, &. ) is partitioned into Rt
1 1A P
. i,
M (4. 4) i
s g i
L

rectangular boxes, corresponding to N equally-sp:aced intervals

J

along the xj axis (j=1-4), N5 along ¢, _, and N, along Bya° For each box

3B 6

inxl x, ¥, X, ,~space, two points t:l. Xy X0 X } and{s v Xye Xge 41!1

are chosen pseudo-randomly. The bulk of the evaluation of Lm and ' d
P La - which consists of several thousand operations, is carried out at

this level of the integration, This is possible because the relatively &

simple dependence upon ¢, and @) 5 €30 be factored out.

At each of the points chosen above all expressions independent of

and g, , are computed. N_ pseudo-random values of # 3y aTE then

%18 5
selected (one in each of the - intervals). For each ‘SB value, k. kz, k k
kek , andk -k, are calculated (see Appendix A), and all expressions
independent of #ya 2T computed. Finally, Né pseudo-random values of
$1a {one per interval) are selected, the integrand is computed at each
él& value, and the values of qz and (in the lab frame) of kinetic energy
Ti' log i0 {1 - cos ai] where ai is the angle made with the forward direc-
tion, the transverse momentum k;i = ]K] sinei. and the quantity _e.k” 7=
|l't'! {1l - cos ei). eachfor i =1, 2, 3, are computed. (See Appendix A for

details of the Ti and cos &1 computations, ) The differential cross secticn

et SO el s e

PR

for each point {i. e., each simulated "event') is assigned to the appropriate

one of a large number (= 10000) of internally-carried bins in each of
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& <2 VI, ‘RESULTS AND DISCUSSION

A .i#}e i UTERT U A (G THV) 3Ma 115 di= LBUEYORE 1n, g dnd the 1aB

quammes T.. cos d ., k i and Ak for several types of cross sections
3 : Tl

o 1%

: “g nl mtgrast g‘; and “Fe denote the cross sections for the Bethe-Heitler
process (Fig. l(a)-(d)] for elastic scattering off a free proton and coherent
scattcring off iron, respectively., The cross sections corresponding to

.ah" \l Ehe two Bethe-Heitler graphs which contain a timelike photon of mass /v
et

W ‘:* {? ey gra_phs {a) and (b) of Fig. 1, which are calculated by replacing Kc

: ;{TD in Eg, (& 1)]are denoted by crp' and cFe' N Fhe. cross section for

virtual Compton scattering oif a free proton (calculated according to

AN M‘“ g 3ph. (b] and (cjiof Fig. 2, with the dipole form factor G{{p’ - p) ]

i

L
&

. ” g’hs@dgd in the matrix element) is denoted by %

iz o
g -ml_*r{_ z In Flg. 3, do /dv and d;p ‘{dv are plotted versus v, the fe e )
=

-+

wa_\l Eisa sq:iret‘.. &r inmdem muon anergxes of 200 and 300 GeV.

o

X “"As discussed in the 1n1‘.‘rndL ction, we are mterested in the use of
e 2 B 4 & dn

kinémattc cuts to increase the ratio —dg-)/ _d-\;t (and similarly for
iyt 3

Z Fc] Il is efficient for these purposes tomake such a cut in cos § %

ﬁ"-‘!‘ o L L, lab

.I. & » o - » s a
_‘. ; wlure a ab 18 the'lab angle of the outgoing muon relative to the incoming
i

beam. For reasons to be discussed below, the somewhat arbitrary cut
o884, ., s 0.996 has been chosen for further study. We define ¢ as
1, 1ab P C
-+ that portion of o5 which arises from all kingmatic configurations satisfy-
e, 2 by .
ing cos 81, 1ab * 0.996; 0. ¢’ Fanc' and Oe, o are defined mutatis

a.uutandia

i

v 23'

For electron pair masses of /v = 5, 10, and 15 GeV and incoming
muon energy E = 100, 200, and 300 GeV, Table I gives {l/Z](dg!dv)

where g denotcs the five types of cross sections a . aFe' g o oFe and

o

7", The.average values of qz and the lab uantities 'I.‘ 2 3 cos 01,
P

cos A k k . Ak are also given. {The =-subscript'

T S LR e B |2.3
12,3 indicates that the electron and positron distributions have been

and Ak

averaged together; this is reasonable since these distributions would be
identical in an exact calculation.) For three of the (/v, E) pairs, Table I
also gives (1/Z){dg/dv) and the average values of the kinematic quantities

"’ r i
for the case of S Gng and T eilait ‘b

-

For the case /¥ = 10 GeV, E = 300 GeV, Fig. 4 gives (in histogram

form) the computed distributions in T, and T for each of the singly-

253
differential cross sections dg./dv, dg . '/dv, do /dy, .and dg ' [dw.
P P P c P c

Figure 5 gives the corresponding distributions in logml l-cos 91) and

logm(l»cos 9213); Fig. 6, in M‘;l and Ak ; and Fig, 7, in qz,

12,3

We list several results of t'h-c calculations below.

1. For the (/+, E) values of Table I, da /dv is at least an order nf-

magnitude greater than { lfzbllidc Idv} | and likewise dcr 'ldv >> IUZ&)

(dcl_..'efdv)] except far from threshold (at /v = 5 GeV, E» 200 Gev).

2. An essential check on the calculation of dg’/dv fer Z = p and

Fe is obtained by comparing da’/dv with the total cross section 0(801

for production of BD bosons of mass /v via process (1 4\. By cmparins E

—-—
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R APPENDIX A y 42
We have
b . Using the definitions of Eqs. (2.5), {3.2) ff., and (3.5), the dot products 1 4
3y - P (t -=u ) ?
of k&, ]»'.1. kz, k3. q, and p are calculated as follows. We have 0B w 2
- 1 &
’ L 2 g ] e
k.kl_z(v+t-uz)-mu B 24 v
khgi= uy
¢ R
3 iR = MK, 1a 25
S v 1 where = +
qu=ul-§u2 nliEy t-uz+2ul :
r ALY
I R e =
: 2 th k = '
- il . 2B (“1 s “oﬂ)’ la),
k e t+ - o, + = u
R e e BT 2 2 2y 172
d k = Lk =k -
1.1 1 v, xB ( 0B ~ B~ ™ )
W TR Rl . e B
e can be calculated., Using
q'p = > R (A. 1)
1
303 = 37
In frame " B' the polar and azimuthal coordinates are denoted 9B and ﬁB:
the z axis is defined to lie along the QB = 0 ray, and the x and y axes satis{y and N X P
' 1f fi i : T 38 348 7
p & (250 =2, tively. definition, = =
[EB ﬁB} { 3 ) and ‘Z 2} respectively. By definition yB Up
ey o 0y ‘and we define the sense of %5 such that pyB z 0. Thus one obtains
% 1/2
. Ilz v
i 4 3
k = e {cos}
. = k - : : @
e ke kg = ken X3 * ¥28 “3:8" ¥op *308 _ e 3{:}5 X e sinf "38
ny 1 >




Therefore
1/2
2 &
e 12 2 & Y
T g e o B, R
dhead e Ty RN mewe e PRty
where

e 1
C= 2w1+n(t—zuz) .

The other dot products that depend upon Bapn but not upon Pyar Are

k- S e ey
kz n kk3 .
1 1
k. k = - et = 2
3. %5 Bid el m g R ok
and
kook =

In frame A" the angular coordinates are denoted EA

< ¥y and z axes for frame ""A" are defined in terms of GA and ¢ = as

and (P the

lescribed above (for frarme "B"), By definiti = = o
y definition, pyA kxA k)”\ 0,

«nd the sense of P s is arbiwrary. We have

R K P Al LA YA B0k Poa

30
where
cos ¢3B

(A. 8)

(A.9)

(A, 10)
with
end

{A.11)
Also

-0;\'.')_ UL > ol
S el
2t )
e ~=v .=t} /[ /B
klOA (ul + mu 3 v /i
2
. kul-t)(v-mu) E B{Hul—uz)] ‘ T
le T ,fz "
2(ae) o
“l
[(“ 1 l)z = = |
- 15T . u 2 =i
kle - kle cos Gla
fiog g -
{
’ :
pUA = (Mko.iib —Et ,fs
L 1|
H
1 2 3
L7V [l\dl'ﬁ!).lalz;(t 1 “1) iz t(ui 2 mu )} o
5 2 s z) 1/2 l
(“ Ko, 1ab o b R e
PxA 3 i
| 4 d - =~ I»-_‘ }
(Ac12) l
i
el + -k
BS720, 4
e=u2+m2t {A, 13)
1 M
3P = % nPen * X3ynPys ' 3.8 P:n - “308 Pos
i, - - !
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Jo_ L.
This simple model was suggested by T. Dis Lee on the basis of

scaling argurnents; the model is inténded to be used only ab'the Yargele, ¥ 7)a

masses considered here.

11

The formal substitutions (5. 1) aré usad only to :irrlm‘.i.'}' the descrip-
tion of the virtual 'Compton cross section computations. Tn'Section VI all
variables réevert to their original meanings; thus, for example, §in Section
VI denotes the hadronic momentum transfer (p’ - pl, and not the muon
momentum transfer (kl = k)‘[which q wotld have representtd undét the sub-

stitutions (5. 1)].
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TABLET

" % e
I T, _‘rz.a cos 8, | cos 02.3 k“ I:Jz:_a ah"l 'nlr.[:z_-s._ qzz
(GeV) (GeV) (GaV) (GeV) _(Ge\r") (GeV) | (GeV) [(GeV™)
5 | 100e LY s 39.11'30.3 | 0.9985 | 0. 769 0.38| 0.89 |0. 00s8| 0. 120 10322
: a!‘l. 0.0686 18. 0! fﬂ.ﬂ_ n._saaa 0.?0;_ ; q.?b 0.72|0.0046] 0.079 0. 051
1o’ 0.0576 8.1/ 45.8 [0.9304 | 0,987 _p;}'ni 1.90 |0.0573| 0.072 | 0,246
Opg | 0-00180 | 3.8 [ 48.1 |0.9558 |0.989 | 0.27| 1.85|0.02030. 066/ |'0.048
up' 10.000270 | 60.6 | 19.4 10.9996 |0,941 | 0.88] 1.9210.0083(0. 195 |0.899
s | 200 -'qp 14.1 100, 7 fé.ﬁ 0.9994 | 0.819 0.41| 0.84]0,0031}0.083 {0,225
L 6.00 43.9.178.0 | 0.9996 |0.761 0.30| 0.68|0,0025|0.042 | 0.016
"p 0, 159 17.0 | 91.4 | 0. 9549 o.-set__‘ | 0.76| 1.9310.0443| 0,038 | 0,160
- 558 0.130 9.1195.4 |10.9904 [0.996 | 0.32| 1.86[0.0115{0.033 | 0.014
cp' 0.000422 {155, 4 | 22.0 10.9999 {0.935 | 0.61| 1.92|0.0044|0.186 | 0.869
'qp‘c 0.112 4.2 197.8 |0.9327 [0.9721 | 0.61| 1.64)0.0623]0.033 | 0,161
1%, c 0.0741 2,0 | 98.9 (0,9798 |0.900 | 0.27| 1.38(0.0201] 0.032 | 0.016
vp'_c 0.0793 3,3 (982 |0.9096 |0.997 0.55] 1.900.0675( 0,033 | 0. 168
Grgc | 0-0454 L4199.2 |0.9731 {0,997 | 0.22| 1.86{0.0193{ 0.032 | 0.016

Y |
5 300 | o 25.4 168.5 | 65.6 | 0.9996 | 0.839 n.i’aﬂr 0.83|0.0021]0.069 |0.189
g, 28.5 86.1{106.9 | 0.9998 | 0.799 | 0.35 0.68/0.001910.032 | 0.011
",; 0.234 | 26.4 136.7 | 0.9663 | 0.998 ' n.;-g‘s 1.940.037310.026 | 0.133
e 0,506 | 15.8 |142.1 | 0.9927 | 0,998 o'._-’;gj 1.8710.010710.023 | 0.010
; q" 0.000496 |252.6 | 23.4 | 1,000 0.940 | 0.62| 1.95]0.0030/0.181 | 0.820
10 -_i;'i'mf‘ s, 0.00152 | 13.2 | 43.9|0.9974 | 0.681 | 0.291 1.65[0.0088 0,289 | 1512
- q; _z.o4x_1q'5_ 4.7|47.2|0.9707 | 0.963 0.501.3.67|0.C428( 0.267 | 1.397
$' 5.83x107 7 ] 15.4 | 41.6 | 0.9972 | 0.957 0.39| 3.70/0.0117/ 0.307 | 2.376
°p . 0. 0669 - 51.4 | 74.1 | 0.9988 'D_._(_lﬂ'ﬁ'z‘. :‘9'?.-1_78--. 0.562
O, 5.91%10° " | 23.1[88.4|0.9984 10,0057 I:I!;_gl_.'fﬂ | 0.128
% 0.000996 | 11.4 | 94.1 | 0.9520 [0.061110.236 | 0. 464
1.55%x10° 8 | 4.7 | 97.6 | 0. 9645 0.0259].0.129 | 0. 120
z,s'sxm"'" 77.6 | 60.8 | 0.9995 10.226 | 1.250
0.00180 | 6.1 [96.8 [0.9629 f¢
:;pg;%gg‘-ﬁ".__ 3.3 | 98.3 | 09676 |0i7
*;’“ 42 0.9175




o i it < ¢ e e e e

L . TR as i e e A
g 7 £ '.i‘ T4 .ﬁl;;-: . "{t_:_i}ﬁ,; i & % . $

| 300 % "4 0215 |or6|99.0 [0.9991 V. 774 | o.s8] 1. 46]0.00s4 0. 240 |10 soni
BT 0.00125. | $4.1 122.9 1 0.9v88 | 0.726 | 0.42| 1.30/0.0049]0,104 | 0.083" -
qp' o.tnoza:-;5 18.4 u40.7 | 0.9460 |0.994 0.96) 3.76(0. osﬁs 0. 092 o.s:s?_r_
%g 2.73x10 : 9.8 [t45.1 | 0.9534 {0.994 0.49| 3.71/0.0300(0.087 | 0,080 o8 L
: uP" 4.32x10° " [158.9 [70.2 | 0.9998 | 0.979 0.88| 3.77|0.0082/0.206 1.04_35_"_":-_.
% n.ncms 5.8 [147.0 {0.9420 | 0,937 0.80| 2.87(0.0737{0.086 | 0.314
Pre’c 2.93x 107 3.3 l48.3 10,9515 | 0.678 0.45| 2.58{0.0395/0.085 | 0.080
\::P"c o.oess?s 4.2 147.8 | 0.9068 |0.994 0.70| 3.73[0.0835]0.086 | 0.319
O o |154%10 2.0 149.0 | 0.9197 | 0.994 0.34] 3.69]0.0409| 0.084 | 0.081
15 z00® % 0.000146 | 18.4 | 90.2 | 0.9984 |0.688 0.33] 2.23]|0.0075/0.315 | 2.008
up’ 1.87x10°% | 7.4 |95.8 [0.9827 [0.978 | 0.59) 5.53]0.0388] 0.295 | 1.831
qp' 2.20x10°° | 25.3 | 86.5 | 0.9985 |0.971 0.45| 5.54|0.0098] 0.330 | 3.046
15 300 % 0.003327 51.5 f124.0 | 0.9990 [0.721 0.49| 2.11{0.0072| 0.232 | 0,910
%, 2.43x 10 18.9 f140.5 [ 0.9981 [0.634 0.29| 1.88}0.0055/ 0,201 | 0.203
up’ 4.92x107° | 13.0 43,2 |0.9737 {0.989 0.88| 5.58/0.0557| 0.199 | 0.790
q;.‘ 6.81%x10"7 | 4.3 ha7.8 |0.9595 {0.989 0.31| 5.53|0.0227) 0.191 | 0,202
cp' 1.21x10°" | 75.1 fr2z.0 | 0.9994 |0.982 0.73| 5.58|0.0104| 0.262 | 1.616
‘Far f..hucﬁ and E, the calculated aFe audc;.‘ are zero because of the cutoff factor in Eq. (2.12).
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